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SUMMARY

This report documents a FORTRAN program that provides a powerful and flexible
tool for the linearization of aircraft models. The program LINEAR numerically
determines a linear system model using nonlinear equations of motion and a user-
supplied nonlinear aerodynamic model. The system model determined by LINEAR con-
sists of matrices for both state and observation equations. The program has been
designed to allow easy selection and definition of the state, control, and observa-
tion variables to be used in a particular model.

INTRODUCTION

The program LINEAR was developed at the Dryden Flight Research Facility of
NASA's Ames Research Center to provide a standard, documented, and verified tool
to be used in deriving linear models for aircraft stability analysis and control
law design. This development was undertaken to eliminate the need for aircraft-
specific linearization programs common in the aerospace industry. Also, the lack
of available documented linearization programs provided a strong motivation for
the development of LINEAR; in fact, the only available documented linearization
program that was found in an extensive literature search of the field is that of
Kalviste (1980).

Linear system models of aircraft dynamics and sensors are an essential part of
both vehicle stability analysis and control law design. These models define the
aircraft system in the neighborhood of an analysis point and are determined by the
linearization of the nonlinear equations defining vehicle dynamics and sensors.

This report describes LINEAR, a FORTRAN program that provides the user with a power-
ful and flexible tool for the linearization of aircraft models. LINEAR is a program
with well-defined and generalized interfaces to aerodynamic and engine models and is
designed to address a wide range of problems without requiring program modification.

The system model determined by LINEAR consists of matrices for both state and
observation equations. The program has been designed to provide easy selection
and definition of the state, control, and observation variables to be used in a
particular model. Thus, the order of the system model is completely under user
control. Further, the program provides the flexibility of allowing alternative
formulations of both state and observation equations.

LINEAR has several features that make it unique among the linearization programs
common in the aerospace industry. The most significant of these features is flexi-
bility. By generalizing the surface definitions and making no assumptions of sym-
metric mass distributions, the program can be applied to any aircraft in any phase
of flight except hover. The unique trimming capabilities, provided by means of a
user-supplied subroutine, allow unlimited possibilities for trimming strategies and
surface scheduling, which are particularly important for oblique-wing vehicles and
aircraft having multiple surfaces affecting a single axis. The formulation of the
equations of motion permit the inclusion of thrust-vectoring effects. The ability
to select, without program modification, the state, control, and observation vari-
ables for the linear models, combined with the large number of observation quan-
tities availiable, allows any analysis problem to be solved with ease.



This report documents the use of the program LINEAR, defining the equations
used and the methods employed to implement the program. The trimming capabilities
of LINEAR are discussed from both a theoretical and an implementation perspective.

The input and output files are described in detail. The user-supplied subroutines
required for LINEAR are discussed, and sample subroutines are presented.

NOMENCLATURE

The units associated with the listed variables are expressed in a generalized
system (given in parentheses). LINEAR will work equally well with any consistent

set of units with two notable exceptions: the printed output and the atmospheric
model. Both the printed output and the atmospheric model assume English units.

Where applicable, quantities are defined with respect to the body axis system.

Variables

A state matrix of the state equation, ; = AX + Bu; or, axial force (force)

A’ state matrix of the state equation, C§ = A'Xx + B'u

a speed of sound in air (length/sec)

an normal acceleration (g)

an,i normal acceleration, accelerometer not at center of gravity (qg)

any X body axis accelerometer output, accelerometer at center of gravity (g)

anx,i x body axis accelerometer output, accelerometer not at center of
gravity (qg)

any y body axis accelerometer output, accelerometer at center of gravity (g)

any,i y body axis accelerometer output, accelerometer not at center of
gravity (qg)

apg z body axis accelerometer output, accelerometer at center of gravity (g)

anz,i z body axis accelerometer output, accelerometer not at center of
gravity (g)

Ay acceleration along the x body axis (g)

ay acceleration along the y body axis (g)

a, acceleration along the z body axis (g)



control matrix of the state equation, x = Ax + Bu

*
control matrix of the state equation, Cx = A'x + B'u

wingspan (length)

L ]
C matrix of the state equation, Cx = A'x + B'u; or, force or moment

coefficient

coefficient of drag

coefficient of 1lift

coefficient of rolling moment

coefficient of pitching moment

coefficient of yawing moment

coefficient of sideforce

center of mass of ith engine

mean aerodynamic chord (length)

dynamic interaction matrix
draqg force (force)

dynamic interaction matrix
dynamic interaction matrix

dynamic interaction matrix

y = H'x + G% + F'u + E'v

specific energy (length)

for

for

for

for

state equation, X = Ax + Bu + Dv; or,

.
the state equation, Cx = A'x + B'u + D'v
the observation equation, y = HX + Fu + Ev

the observation equation,

feedforward matrix of the observation equation, y = HX + Fu

total aerodynamic force acting at the aerodynamic center

engine thrust vector

feedforward matrix of the observation equation, y = H'x + Gx + F'u



fpa flightpath acceleration (g)

G G matrix of the observation equation, Yy = H'x + Gﬁ + F'u

g acceleration due to gravity (length/sec?2)

H observation matrix of the observation equation, Y = HX + Fu

H' observation matrix of the observation equation, y = H'x + Gi + F'u
h altitude (length)

he angular momentum of engine rotor (mass—lengthz/sec)

I aircraft inertia tensor (mass—lengthz)

Ie rotational inertia of the engine (mass~-length2)

Ix X body axis moment of inertia (mass-length?2)

Ixy X-y body axis product of inertia (mass-length2)

Ixz X-z body axis product of inertia (mass-length?2)

Iy y body axis moment of inertia (mass-length?)

Iyz y-z body axis product of inertia (mass-length?2)

I, z body axis moment of inertia (mass~length?2)

L total body axis aerodynamic rolling moment (length-force); or,

total aerodynamic lift (force)
L generalized length (length)

M Mach number; or, total body axis aerodynamic pitching moment
(length-force)

m aircraft total mass (mass)
mg mass of engine
N normal force (force); or, total body axis aerodynamic yawing moment

(length-force)

n load factor

Pg specific power (length/sec)



P roll rate {(rad/sec); or, pressure (force/length?2)

Pa ambient pressure (force/lengthz)

Pt total pressure (force/lenqthz)

q pitch rate (rad/sec)

a dynamic pressure (force/length2)

de impact pressure (force/lengthz)

Re, R axis transformation matrices

Re Reynolds number

Re'! Reynolds number per unit length (length~1)
r yaw rate (rad/sec)

S wing planform area (lengthz)

T ambient temperature (X); or, total angular momentum (mass-length2/sec?);

or thrust (force)

Te total temperature (K)

u velocity in x-axis direction (length/sec)
u control vector

v total velocity (length/sec)

Ve calibrated airspeed (knots)

Ve equivalent airspeed (knots)

v velocity in y-axis direction (length/sec)
v dynamic interaction vector

W vehicle weight (force)

w velocity in z-axis direction {length/sec)
X total force along the x body axis (force)
X thrust along the x body axis (force)

X state vector



Ar

Ax

L

M

SN

§X

Sy

62z

sideforce (force)

thrust along the y body axis (force)
observation vector

total force along the z body axis (force)
thrust along the z body axis (force)
angle of attack (rad)

angle of sideslip (rad)

flightpath angle (rad)

displacement of aerodynamic reference point from
displacement from center of gravity along x body
displacement from center of gravity along y body

displacement from center of gravity along z body

lateral trim parameter

differential stabilator trim parameter

longitudinal trim parameter

Kronecker delta

directional trim parameter

speed brake trim parameter

thrust trim parameter

incremental rolling moment (length-force)

center of gravity
axis (length)
axis (length)

axis (length)

incremental pitching moment (length-force); or, incremental Mach

incremental yawing moment (length-force)
incremental x body axis force (force)
incremental y body axis force (force)

incremental z body axis force {force)

angle from the thrust axis of engine to the x-y body axis plane (rad)



C angle from the projection of Fp onto the engine x-y plane to the local
x axis (rad)

n angle from F, to the engine x-y plane (rad)

8 pitch angle (rad)

U coefficient of viscosity

g angle from the projection of Fp onto the x-y body axis plane to the

% body axis (rad)

p density of air (mass/length3)

Ly total body axis rolling moment (length-force)

M total body axis pitching moment {length-force)

IN total body axis yawing moment (length-force)

T torque from engines (length-force)

Tg gyroscopic torque from engine (length-force)

o roll angle (rad)

b1, tilt angle of acceleration normal to the flightpath from the vertical

plane (rad)

(] heading angle (rad)

w total rotational velocity of the vehicle
We engine angular velocity (rad/sec)
Superscripts

~

nondimensional version of variable

. derivative with respect to time
T transpose of a vector or matrix
Subscripts

ar aerodynamic reference point

D total drag

E engine



h altitude

L total 1lift
£ rolling moment

M Mach number

m pitching moment

max maximum

min minimum

n yawing moment

o offset from center of gravity

p roll rate

q pitch rate

r yaw rate

S stability axis

TP thrust point

b4 along the x body axis

Y sideforce

y along the y body axis

z along the z body axis

0 standard day, sea level conditions; or, along the reference trajectory

FORTRAN Variables

AIX inertia about the x body axis

AIXE engine inertia

AIXY inertial coupling between the x and y body axes
AIXZ inertial coupling between the x and z body axes
ATY inertia about the y body axis

AIYZ inertial coupling between the y and z body axes
AIZ inertia about the z body axis



ALP
ALPDOT
AMCH
AMSENG
AMSS

B

BTA
BTADOT
CBAR
CD

CDA
CDDE
CDOo
CDSB
CL

CLB
CLDA
CLDR
CLDT
CLFT
CLFTA
CLFTAD
CLFTDE
CLFTO
CLFTQ
CLFTSB

CLP

angle of attack

time rate of change of angle of attack

Mach number

total rotor mass of the engine

aircraft mass

wingspan

angle of sideslip

time rate of change of angle of sideslip

mean aerodynamic chord

total coefficient of drag

coefficient of drag due to angle of attack

coefficient of drag due to symmetric elevator deflection
drag coefficient at zero angle of attack

coefficient of drag due to speed brake deflection

total coefficient of rolling moment

coefficient of rolling moment due to angle of sideslip
coefficient of rolling moment due to aileron deflection
coefficient of rolling moment due to rudder deflection
coefficient of rolling moment due to differential elevator deflection
total coefficient of lift

coefficient of 1lift due to angle of attack

coefficient of 1lift due to angle-of-attack rate
coefficient of 1lift due to symmetric elevator deflection
lift coefficient at zero angle of attack

coefficient of lift due to pitch rate

coefficient of lift due to speed brake deflection

coefficient of rolling moment due to roll rate



CLR

CM

CMA

CMAD

CMDE

CMO

CMO

CMSB

CN

CNB

CNDA

CNDR

CNDT

CNP

CNR

Cy

CYB

CYDA

CYDR

CYDT

DAS

DC

DELX

DELY

DELZ

DES
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coefficient of rolling moment due to yaw rate

total coefficient of pitching moment

coefficient of pitching moment due to angle of attack
coefficient of pitching moment due to angle-of-attack rate
coefficient of pitching moment due to symmetric elevator deflection
pitching moment coefficient at zero angle of attack

coefficient of pitching moment due to pitch rate

coefficient of pitching moment due to speed brake deflection
total coefficient of yawing moment

coefficient of yawing moment due to sideslip

coefficient of yawing moment due to aileron deflection
coefficient of yawing moment due to rudder deflection
coefficient of yawing moment due to differential elevator deflection
coefficient of yawing moment due to roll rate

coefficient of yawing moment due to yaw rate

total coefficient of sideforce

coefficient of sideforce due to sideslip

coefficient of sideforce due to aileron deflection

coefficient of sideforce due to rudder deflection

coefficient of sideforce due to differential elevator deflection
longitudinal trim parameter

surface deflection and thrust control array

displacement of the aerodynamic reference along the x body axis from
the center of gravity

displacement of the aerodynamic reference along the y body axis from
the center of gravity

displacement of the aerodynamic reference along the z body axis from
the center of gravity

lateral trim parameter



DRS

DXTHRS

EIX

ENGOMG

GMA

H

HDOT

P

PDOT

PHI

PHIDOT

PSI

PSIDOT

Q

OBAR

ODOT

RDOT

S

T

TDhOoT

THA

THADOT

THRSTX

THRUST

TLOCAT

directional trim parameter

distance between the center of gravity of the engine and the

thrust point

rotational inertia of the engine

rotational velocity of the engine

flightpath angle
altitude

time rate of change
roll rate

time rate of change
roll angle

time rate of change
heading angle

time rate of change
pitch rate

dynamic pressure
time rate of change
yaw rate

time rate of change
wing area

time

time rate of change
pitch angle

time rate of change

of

of

of

of

of

of

of

of

thrust trim parameter

altitude

roll rate

roll angle

heading angle

pitch rate

yaw rate

time

pitch angle

thrust generated by each engine

location of the engine in the x, y, and

z axes from the center

of gravity

11



TVANXY orientation of the thrust vector in the X-y engine axis plane

TVANXZ orientation of the thrust vector in the x-z engine axis plane
UB velocity along the x body axis

v velocity

VB velocity along the y body axis

VCAS calibrated airspeed

VDOT time rate of change of total vehicle velocity
VEAS equivalent airspeed

WB velocity along the z body axis °

X position north from an arbitrary reference point
XDOT time rate of change of north-south position
XYANGL orientation of engine axis in x-y body axis plane
XZANGL orientation of engine axis in x-z body axis plane
Y position east from an arbitrary reference point
YDOT time rate of change of east-west position

PROGRAM OVERVIEW

The program LINEAR numerically determines a linear system model using nonlinear
equations of motion and a user-supplied nonlinear aerodynamic model., LINEAR is also
capable of extracting linearized gross engine effects (such as net thrust, torque,
and gyroscopic effects) and including these effects in the linear system model. The
point at which this linear system model is defined is determined either by specifying
the state and control variables or by selecting an analysis point on a trajectory,
selecting a trim option, and allowing the program to determine the control vari-
able and remaining state variables to satisify the trim option selected,

Because the program is designed to satisfy the needs of a broad class of users,
a wide variety of options has been provided., Perhaps the most important of these
options are those that allow user specification of the state, control, and observa-
tion variables to be included in the linear model derived by LINEAR.

Within the program, the nonlinear equations of motion include 12 states repre-
senting a rigid aircraft flying in a stationary atmosphere over a flat nonrotating

earth. Thus, the state vector x is computed internally as

x=[p g r Vv a B ¢ 6 ¥y h x yIT

12



The nonlinear equations used to determine the derivatives of the quantities are
presented in the following section (Equations of Motion). The internal control
vector u can contain up to 30 controls., The internal observation vector y contains
120 variables, including the state variables, the time derivatives of the state
variables, the control variables, and a variety of other parameters of interest.
Thus, within the program,

S T 2T T T T T T T T T JT|T
Y [x W Yy ¥y Y3 Yy Y5 Y Y7 Ys]

where

T

Y1 [ax dy 4z Aanx Aany 4anz 4an Aanyx,i 4ny,i @4nz,i 2n,i n]

T
y2 = la Re Re' M g dc Pa dc/Pa Pt T T¢ Ve Vel

y3= [y fpa Y h hy57.317

T
y4 = [Eg Pgl

y5 = [L D N A]T
. . e M
Yg = [u v w u v w]

T
¥7 = lo,; B,i h,i h,il

T
[T ps ds rsl

p4:]

The equations defining these quantities are presented in the Observation
Equations section.

Output model Internal

From the internal formulation of the parameters parameters

state, control, and observation variables,

the user must select the specific vari- p|
ables desired in the output linear model /////’——j:izxr/,//”’ ?
(described in the Selection of State, Con- v / v
trol, and Observation Variables section). a = \ a
Figure 1 illustrates the selection of var- q p
iables in the state vector for a requested 9_ g
linear model. From the internal formula- w
tion on the right of the figure, the re- h
. Specification of
quested model is constructed, and the state vector X
linear system matrices are selected in for linear model LyJ
accordance with the user specification
of the state, control, and observation Figure 1. Selection of state vari-
variables. ables for linear model.

13



The linear model derived by LINEAR is determined at a specific analysis point.
LINEAR allows this analysis point to be defined as a true steady-state condition
on a specified trajectory (a point at which the rotational and translational accel-
erations are zero) or as a totally arbitrary state on a trajectory. LINEAR provides
the user with several options, described in detail in the Analysis Point Definition
section., These analysis point definition options allow the user to trim the air-
craft in wings-level flight, pushovers, pullups, level turns, or zero-sideslip ma-
neuvers. Also included is a nontrimming option in which the user defines a totally
arbitrary condition about which the linear model is to be derived.

The linear system matrices are determined by numerical perturbation and are
the first-order terms of a Taylor series expansion about the analysis point, as
described in the Linear Models section. The formulation of the output system
model is under user control. The user can select state equation matrices corre-
sponding to either the standard formulation of the state equation,

X Ax + Bu

or the generalized equation,

Cx

A'Xx + B'u

The observation matrices can be selected from either of two formulations corre-
sponding to the standard equation,

Y = HX + Fu

or the generalized equation,

Y =H'xX + Gx + F'u

In addition to the linear system matrices, LINEAR also computes the nondimen-
sional stability and control derivatives at the analysis point. These derivatives
are discussed in the Nondimensional Stability and Control Derivatives section.

The input file for LINEAR is an ASCII file that defines the geometry and mass
properties of the aircraft and selects various program options. Within this input
file, the state, control, and observation vectors desired in the output linear model
are defined, and the analysis point options are selected. The details of the input
file are discussed in the Input Files section.

The output of LINEAR is three files, one containing the linear system matrices
and two documenting the options and analysis points selected by the user. The first
is intended to be used with follow-on design and analysis programs. The other two
contain all the information contained in the first file and also include the details
of the analysis point and the nondimensional stability and control derivatives.
These files are described in the Output Files section.

To execute LINEAR, five user-supplied subroutines are required. These routines,
discussed in the User-Supplied Subroutines section, define the nonlinear aerodynamic

14



model, the gross engine model, the gearing between the LINEAR trim inputs and the
surfaces modeled in the aerodynamic model, and a model of the mass and geometry
properties of the aircraft. The gearing model (fig. 2) defines how the LINEAR trim
inputs will be connected to the surface models and allows schedules and nonstandard
trimming schemes to be employed. This last feature is particularly important for
oblique-wing aircraft.

Inputs from Outputs to
ICTPARM/ /CONTRL/

L = DC(1)
—— DC(2)

DES ————*

DAS ——— > UCNTRL .
DRS — | (Gearing) .
THRSTX ————» .
— DC(30)
(Pilot stick, pedal, (Surface deflections
and throttle) and power level setting)}

Figure 2. Inputs to and outputs of the
user-supplied subroutine UCNTRL.

EQUATIONS OF MOTION

The nonlinear equations of motion used in the linearization program are general
six-degree-of-freedom equations representing the flight dynamics of a rigid aircraft
flying in a stationary atmosphere over a flat nonrotating earth. The assumption of
nonzero forward motion also is included in these equations; because of this a§éump-
tion, these equations are invalid for vertical takeoff and landing or hover. These
equations contain no assumptions of either symmetric mass distribution or aerody-
namic properties and are applicable to asymmetric aircraft (such as oblique-wing
aircraft) as well as to conventional symmetric aircraft. These equations of motion
were derived by Etkin (1972), and the derivation will be detailed in a proposed NASA
Reference Publication, "Derivation and Definition of a Linear Aircraft Model," by
Eugene L. Duke, Robert F. Antoniewicz, and Keith D, Krambeer (in preparation).

The following equations for rotational acceleration are used for analysis point
definition:

b= [(ZL)Ty + (EM)Ip + (IN)I3 - p2(IypIp - IxyI3)
+ q2(IyzIy - IxyI3) - r(DgIy - IxyIp + IxzI3)

- r2(Isz1 - IxzI2))/det I

15



9= [EL)I; + (IM)I4 + (IN)Ig - p2(I,,I4 - IxyIs)
* PAllyzIy - Iy,I4 = DpIs) - Pr{IxyIp + DyIg ~ Iy,Is)
+ q2(1yzIy - IxyIs) - qr(DyIy - IxyIg + IyyIs)

= r2(IypT) - I4,14)]1/det I

r = [QL)I3 + (IMI5 + (IN)Ig - p2(Iy,Is - IxyIe)
+ Pa(IyxzI3 - Iy,Is - DyIg) - pr(IyyI3 + DyIs - IyzTg)
+ a%(1y,13 - Ixyle) - ar(DxI3 - IxyIs + Iyx,Ig)
- r2(Iy,13 - Ix,I5)]/det I
where

2

2 2

I

IyI, - Iy,
I2 = IxyIz + Iyzlgy

I3 = Ixnyz + Inyz

2
Ig = IxIly - Ixg
I5 = Ixlyy + IxyIxz

2

Here, the body axis rates are designated P, 9, and r, corresponding to roll rate,
pitch rate, and yaw rate. The total moments about the X, ¥, and z body axes {rol-
ling, pitching, and yawing moments) are designated IL, IM, and IN, respectively.
These total moments are the sums of all aerodynamic moments and powerplant-induced
moments due to thrust asymmetries and gyroscopic torques. (The equations used

to determine the change in moment coefficients due to the noncoincidence of the
vehicle center of gravity and the reference point of the nonlinear aerodynamic model
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are derived in appendix A. The equations defining the engine torque and gyroscopic
contributions to the total moments are derived in appendix B.) The body axis moments

and products of inertia are designated I

and products of inertia are elements of the inertia tensor I, defined as

Iy ‘Ixy “Ixz
I = [-Iyy Iy ~Iyy
“Ixz "Iyz I,

To derive the state equation matrices for the generalized formulation,

Cx = AX + Bu

xr Iysr Iz, Ixys Ixz, and Iyz. These moments

(where A and B are the state and control matrices of the state equation), the rota-

tional accelerations are cast in a decocupled-axes formulation. The equations used

to derive the linearized matrices are

[ 'Ixy “Ixz | 7
1 p
Ix Iy
—Ixy 1 "Iyz oq
ly Ty
-I "I [
Xz yz 1 H
| Iz I, i
[IL Ixy Ixz Iy 5 5 lyz Iz
— - rp —/ + — +rq =/ + - ¥4) =/ - qr —
Ix P Ix P T, 41, ‘a Ix I
o L, e I
ol rp 7o+ a7 - P + (r¢ - p I + pr 7
y y Y Y b4 Y
IN Ix Ixz Iyz 5 9, Ixy Iy
— + — - gqr — + pr + ( - ) —— - T
1, qp I, q I, p I P q Iz pa I |

The translational acceleration equations used in the program LINEAR for both

analysis point definition and perturbation are
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< e
I

[-D cos B + Y sin B + Xp cos @ cos B + Yp sin B + Zp sin a cos B

- mg(sin 6 cos a cos B - cos § sin ¢ sin B - cos 6 cos ¢ sin a cos B)]/m

@ = [-L + Zp cos & - Xp sin o + mg(cos 6 cos ¢ cos a + sin & sin a))/vm cos B
+q - tan B (p cos & + r sin a)

b .

B =1IDsin B +Y cos B - Xp cos @ sin B + Yp cos B - Zp sin a sin B

+ mg(sin 6 cos a sin B + cos 6 sin ¢ cos B - cos 6 cos ¢ sin a sin B)]/Vm

+ p sin o - r cos a

where o, B, 8, and ¢ are angles of attack, sideslip, pitch, and roll, respectively;
Xp, Yp, and Zq are thrust along the x, y, and z body axes; and D is drag force,

g gravitational acceleration, L total aerodynamic lift, m total aircraft mass,
V total velocity, and Y sideforce.

The equations defining the vehicle attitude rates are

é =p+ qgsin ¢ tan 6 + r cos ¢ tan B
§ = qcos ¢ - r sin ¢
& =q sin ¢ sec 6 + r cos ¢ sec €

where { is heading angle.

The equations defining the earth-relative velocities are

h = V(cos B cos a sin 6 - sin B sin ¢ cos 6 - cos B sin a cos ¢ cos O)

; = V[cos B cos a cos 6 cos § + sin B (sin ¢ sin 8 cos Y - cos ¢ sin V)
+ cos B sin o (cos ¢ sin 6 cos Y + sin ¢ sin ¥)]

; = V[cos B cos a cos 6 sin Yy + sin B (sin ¢ sin 8 sin y + cos ¢ cos V)

+ cos B sin o (cos ¢ sin 6 sin ¢y - sin ¢ cos V)]

where h 1s altitude.

OBSERVATION EQUATIONS

The user-selectable observation variables computed in LINEAR represent a broad
class of parameters useful for vehicle analysis and control design problems. These
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variables include the state, time derivatives of state, and control variables. also
included are air data parameters, accelerations, flightpath terms, and other miscel-
laneous parameters. The equations used to calculate those parameters are derived
from a number of sources (Clancy, 1975; Dommasch et al., 1967; Etkin, 1972; Gainer
and Hoffman, 1972; Gracy, 1980). Implicit in many of these observation equations is
an atmospheric model. The model included in LINEAR is derived from the U.S. Standard
Atmosphere (1962).

The vehicle body axis accelerations constitute the set of observation variables
that, except for state variables themselves, are most commcnly used in the aircraft
control analysis and design problem, These accelerations are measured in g units
and are derived directly from the body axis forces defined in the previous section
for translational acceleration. The equations used in LINEAR for the body axis
accelerations ay, ay, and a, are

dg = (Xp - D cos @ + L sin a - gm sin 8)/gym
ay = (Yp + Y + gm cos 8 sin $)/gym
az = (2p - D sin o - L cos a + gm cos 8 cos ¢)/gym

where subscript 0 denotes standard day, sea level conditions. The equations for the
outputs of the body axis accelerometers (denoted by subscript n) that are at vehicle
center of gravity are

anx = (Xp - D cos a + L sin a)/ggyn

any = (¥p + Y)/gom

apnz = (Zp - D sin o - L cos a)/ggm

an = (~Zp + D sin a + L cos a)/gym

For orthogonal accelerometers that are aligned with the vehicle body axes but are
not at vehicle center of gravity (denoted by subscript ,i), the following equations
apply:

ang,i = anx - [(a? + r2)xg - (pg - rlyx - (pr + q)zxl/g;

any,i = any + [(pq + rixy - (p2 + rz)Yy + (gr - plzyl/g,

[\
=
N

-
[N
I

= anz + [(pr - Q)xz + (ar + plyz - (a2 + p2)z;1/9,
ap,i = ap - [(pr - qQ)xy + (qr + ;_.))yz - (q2 + p2)zz]/g0

where the subscripts x, y, and z refer to the x, y, and z body axes, respectively,
and the symbols x, y, and z refer to the x, y, and z body axis locations of the
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sensors relative to the vehicle center of gravity. Also included in the set of
acceleration equations is load factor, n = L/W, where L is the total aerodynamic
lift and W is the vehicle weight.

The air data parameters having the greatest application to aircraft dynamics and
control problems are the sensed parameters and the reference and scaling parameters.,
The sensed parameters are impact pressure d~, ambient or free-stream pressure Pa-

total pressure pg, ambient or free-stream temperature T, and total temperature Tt
The selected reference and scaling parameters are Mach number M, dynamic pressure a,

speed of sound a, Reynolds number Re, Reynolds number per unit length, Re', and the
Mach meter calibration ratio de/Pgz+ These quantities are defined as

p 1
Po o
M =X
a
Re = VL
H
' pVv
Re < E—'
- pv2
=7
[(1.0 + 0.2u2)3°3 _ 1.0]pa (M < 1.0)
q, = 2.5
c 5.76M2 )
1.2m2 [—2:TEM2 - 1.0}l p (M > 1.0)
5.6M2 - 098 a
(1.0 + 0.2M2)3‘5 - 1.0 (M € 1.0)
qc
— = 2.5
Pa [1.2M2 <__§;1§ﬂ3___> ]- 1.0 (M > 1.0)
5.6M2 -~ 0.8

P, = P, + qc

Tt = T(1.0 + 0.2M2)

where £ is length, p pressure, p the density of the air, and B the coefficient of
viscosity. Free-stream pressure, free-stream temperature, and the coefficient of
viscosity are derived from the U,S, Standard Atmosphere (1962).

Also included in the air data calculations are two velocities: equivalent
airspeed Ve and calibrated airspeed Vo, both computed in knots. The calculations

assume that internal units are in the English system. The equation used for
equivalent airspeed is
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Ve = 17.17\/& (lb/ftz)

which is derived from the definition of equivalent airspeed,

where Py = 0.002378 slug/ft3 and Vg is converted from feet per second to knots.,

Calibrated airspeed is derived from the following definition of impact pressure:

10+ —20 g2\ < a)
Py g 7.0p, © -1 (Ve < 3,
q. =4
© A% 5.76 2.5
1.2 [ — Py - - Py (Vc > ao)
a 2
0 5.6 - 0.8 (ay/Vc)

\

For the case where V. < a_,, the equation for Vo is

0

% 2/7
Ve = 1479.116 — + 1.0 - 1.0 (Ve € aj)
Py

Calibrated airspeed is found using an iterative process for the case where Vo > ag:

qC 1.0 2‘5
Ve = 582.95174 ET'+ 1.0 1.0 - —m—mmm ™=~~~ (Ve > ao)
0 7.0(Ve/a,)
* 0

is executed until the change in V. from one iteration to the next is less than
0.001 knots.

Also included in the observation variables are the flightpath-related parameters
(described in app. D), including flightpath angle Y, flightpath acceleration fpa,

vertical acceleration h flightpath angle rate Y, and (for lack of a better category

in which to place it) scaled altitude rate h/57.3. The equations used to determine

these quantities are

<

1]

0

|—lc

=

[}
P
< e
\—/

v
fpa = —

h = ay sin 6 - ay sin ¢ cos O - az cos ¢ cos §
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Vh - hv
v Vv2 - p2

Two energy-related terms are included in the observation variables: specific
energy Eg and specific power Pg, defined as

e
|

v2
Es—h+z
A

Ps = h + g*

The set of observation variables available in LINEAR also includes four force
parameters: total aerodynamic lift L, total aerodynamic drag D, total aerodynamic
normal force N, and total aerodynamic axial force A. These quantities are defined as

L = gscy,
N =L cos a +D sin «

A =-L sin a + D cos a

where Cp and Cp, are coefficients of drag and lift, respectively.

Six body axis rates and accelerations are available as observation variables.
These include the x body axis rate u, the y body axis rate v, and the z body axis

L ] L] ]
rate w. Also included are the time derivatives of these quantities, u, v, and w.
The equations defining these quantities are

u =V cos a cos B8
v = V sin 8
w =V sin a cos B
. Xp - gm sin 8 - D cos a + L sin a
u = + rv - gw
m
. (YT + gm cos 6 sin ¢ + Y)
v = + pw - ru
m
. Zp + gm cos O cos ¢ - D sin o - L cos a
w = - + qu - pv

The final set of observation variables available in LINEAR is a miscellaneous
collection of other parameters of interest in analysis and design problems. The
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first group consists of measurements from sensors not located at the vehicle center
of gravity. These represent angle of attack & j, angle of sideslip B, i, altitude

h,ir and altitude rate h,i measurements displaced from the center of gravity by some

X, ¥, and z body axis distances. The equations used to compute these guantities are

.- ax - Py
aﬂ""( v )

By =8+ (_&T—;_p_z_>

h i = h+xsin® -y sin ¢ cos 6 - z cos ¢ cos 6

Ste
i

,i h + é(x cos 6 + vy sin ¢ sin & + z cos ¢ sin 8)

- é(y cos ¢ cos B - z sin ¢ cos 0)

The remaining miscellaneous parameters are total angular momentum T, stability
axis roll rate pg, stability axis pitch rate gg, and stability axis yaw rate rg,
defined as

1
T = 5—(pr2 = 2IxyPq - 2Ixgpr + Iyq2 = 2Iyzqr + I,r?)

Pg = p cos O + ¥ sin @
ds = 4

g = -p Sin a4 + r cos a
SELECTION OF STATE, CONTROL, AND OBSERVATION VARIABLES

The equations in the two preceding sections define the state and observation
variables available in LINEAR. The control variables are defined by the user in the
input file. Internally, the program uses a 12-state model, a 120-variable obser-
vation vector, and a 30-parameter control vector., These variables can be selected
to specify the formulation most suited for the specific application. The order and
number of parameters in the output model is completely under user control. Figure 1
illustrates the selection of variables for the state vector of the output model.
However, it should be noted that no model order reduction is attempted. Elements of
the matrices in the internal formulation are simply selected and reordered in the
formulation specified by the user.

The selection of specific state, control, and observation variables for the for-
mulation of the output matrices is accomplished by alphanumeric descriptors in the
input file. The use of these alphanumeric descriptors is described in the Input
Files section. Appendix C lists the state variables and their alphanumeric descrip-
tors. Appendix D lists the observation variables and their alphanumeric descriptors.
The alphanumeric descriptors for the selection of control parameters to be included
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in the observation vector are the control variable names defined by the user in the
input file, as described in the Input Files section.

LINEAR MODELS

The linearized system matrices computed by LINEAR are the first-order terms of a
Taylor series expansion about the analysis point (Dieudonne, 1978; Kwakernaak and
Sivan, 1972; proposed NASA RP by Duke, Antoniewicz, and Krambeer, in preparation)
and are assumed to result in a time-invariant linear system. The validity of this
assumption is discussed in the Analysis Point Definition section. The technique

employed to obtain these matrices numerically is a simple approximation to the par-
tial derivative, that is,

f(x0 + Ax) - f(xO - Ax)

9x 2 Ax
where f is a general function of x, an arbitrary independent variable. The Ax
may be set by the user but it defaults to 0.001 for all state and control parameters
with the single exception of velocity V, where Ax is multiplied by a, the speed of

sound, to obtain a reasonable perturbation size.

From the generalized nonlinear state,

T™x = f(x, é, u)

and observation equations,

g(x, x, u)

y

the program determines the linearized matrices for the generalized formulation of
the system:

C 6; = A' dx + B' Su

Sy = H' 6x + G 6x + F' Su

where

can .l
9x

of

! s

At = Ix

of

Vo=

B du

dg

L - 2

HY = Ix
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F' =

with all derivatives evaluated along the

point (xO, X , uo); the state, time deri

0

expressed as small perturbations (6x, 6x

X

X

u

In addition to the matrices for this
of requesting linearized matrices for a

§x =
Sy =
where
A:[T_
B = [T -
- 99
_ 9g
F—au+

nominal trajectory defined by the analysis

vative of state, and control vectors can be

, 6u) about the nominal trajectory, so that

X, + Ox

X, + 0x

+ 6
v, u

generalized system, the user has the option
standard formulation of the system:

A 8x + B Su

H éx + F 6u

2£]-1 ot
% ox
2£]-1 3£
% du

1-1
o [, - 2e]" 2t
ox 9x x

) 3f]-1 o
g - f £

ax | Bi_ du

with all derivatives evaluated along the nominal trajectory defined by the analysis

int X u ).
poin (xo, X, 0)

LINEAR also provides two nonstandard matrices, D and E, in the equations

"
I

Ax + Bu + Dv

y = Hx + Fu + Ev
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or D' and E' in the equations

Cx = A'X + B'u + D'v

[ ]
H'X + Gx + F'u + E'v

y

These dynamic interaction matrices include the effect of external forces and moments
acting on the vehicle. The components of the dynamic interaction vector Vv are incre-
mental hody axis forces (68X, 8Y, 82) and moments (8L, &M, 8N):

(6%
8y
v = |82
8L
M
SN

Thus,

of
|
P ov

<

and

These matrices allow the effects of unusual subsystems or control effectors to be
easily included in the vehicle dynamics.

The default output matrices for LINEAR are those for the standard system for-
mulation. However, the user can select matrices for either generalized or standard
state and observation equations in any combination. Internally, the matrices are
computed for the generalized system formulation and then combined appropriately to
accommodate the system formulation requested by the user.

ANALYSIS POINT DEFINITION

The point at which the nonlinear system equations are linearized is referred to
as the analysis point. This can represent a true steady-state condition on the spec-
ified trajectory (a point at which the rotational and translational accelerations
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are zero; Perkins and Hage, 1949; Thelander, 1965) or a totally arbitrary state on a
trajectory. LINEAR allows the user to select from a variety of analysis points.
Within the program, these analysis points are veferred to as trim conditions, and
several options are available to the user, The arbitrary state and control option
is designated NOTRIM, and in selecting this option the user must specify all nonzero
state and control variables. For the equilibrium conditions, the user specifies a
minimum number of parameters, and the program numerically determines required state
and control variables to force the rotational and translational accelerations to
zero. The analysis point options are described in detail in the following sections.

For all the analysis point definition options, any state or control parameter
may be input by the user. Those state variables not required to define the analysis
point are used as initial estimates for the calculation of the state and control
conditions that result in zero rotational and translational accelerations. As each
state variable is read into LINEAR, the name is compared to the list of alternative
state variables names listed in appendix C. All state variables except velocity
must be specified according to this list. Velocity can also be defined by specify-
ing Mach number (see alternative observation variable names in app. D). Appendix E
lists analysis point definition identifiers that are recognized by LINEAR.

It should be noted that the option of allowing the user to linearize the system
equations about a nonequilibrium condition raises theoretical issues (beyond the
scope of this report) of which the potential user should be aware. Although all the
analysis point definition options provided in LINEAR have been found to be useful in
the analysis of vehicle dynamics, not all the linear models derived about these anal-
ysis points result in the time-invariant systems assumed in this report. However,
the results of the linearization provided by LINEAR do give the appearance of being
time invariant.

The linearization process as defined in this report is always valid for some
time interval beyond the point in the trajectory about which the linearization is
done, However, for the resultant system to be truly time invariant, the vehicle
must be in a sustainable, steady-state flight condition. This requirement is
something more than merely a trim requirement, which is typically represented as

i(t) = 0, indicating that for trim, all the time derivatives of the state vari-

ables must be zero. (This is not the case, however: Trim is achieved when the
acceleration-like terms are identically zero; no constraints need to be placed on

the velocity-like terms in X. Thus, for the model used in LINEAR, only é, é, f, G,
&, and f must be zero to satisfy the trim condition.) The trim condition is
achieved for the straight-and-level, pushover-pullup, level turn, thrust-stabilized
turn, and beta trim options described in the following sections. In general, the
no-trim and specific power analysis point definition options do not result in a trim
condition,

0f these analysis point options resulting in a trim condition, only the straight-
and-level and level turn options force the model to represent sustainable flight
conditions. In fact, only in the special case where the flightpath angle is zero
does this occur for these options.

As previously stated, the linearization of a nonlinear model and its represen-

tation as a time-invariant system are always valid for some time interval beyond the
analysis point on the trajectory. This time interval is determined by several fac-
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tors (such as trim and sustainable flight conditions) and ultimately by accuracy
requirements placed on the representation. Thus, in using the linear models pro-
vided by this program, the user should exercise some caution.

Untrimmed

For the untrimmed option, the user specifies all state and control variables
that are to be set at some value other than zero. The number of state variables
specified is entirely at the user's discretion., If any of the control variables
are to be nonzero, the user must specify the control parameter and its value. The
untrimmed option allows the user to analyze the vehicle dynamics at any flight con-
dition, including transitory conditions.

Straight-and-Level Trim

The straight-and-level trims available in LINEAR are in fact wings-level,
constant-flightpath-angle trims. Both options available for straight-and-level
trim allow the user to specify either a flightpath angle or an altitude rate.
However, since the default value for these terms is zero, the default for both
types of straight-and-level trim is wings-level, horizontal flight.

The two options available for straight-and-level trim require the user to
specify altitude and either an angle of attack or a Mach number. If a specific
angle of attack and altitude combination is desired, the user selects the "Mach-
trim" option, which determines the velocity required for the requested trajectory.
Likewise, the "alpha-trim" option allows the user to specify Mach number and alti-
tude, and the trim routines in LINEAR determine the angle of attack needed for the
requested trajectory.

The trim condition for both straight-and-level options are determined within
the following constraints:

p:q:r:o
$ =0

The trim surface positions, thrust, angle of sideslip, and either velocity or angle
of attack are determined by numerically solving the nonlinear equations for the
translational and rotational acceleration. Pitch attitude 6 is determined by itera-
tive solution of the altitude rate equation.

Pushover-Pullup

The pushover-pullup analysis point definition options result in wings-level
flight at n # 1. For n > 1, the analysis point is the minimum altitude point of a

pullup when h = 0. For n < 1, this trim results in a pushover at the maximum alti-

tude with h = 0. There are two options available for the pushover-pullup analysis
point definition: (1) the "alpha-trim" option in which angle of attack is deter-
mined from the specified altitude, Mach number, and load factor and (2) the "load-
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factor-trim" option in which angle of attack, altitude, and Mach number are spec-
ified and load factor is determined according to the constraint equations.

The analysis point is determined at the specified conditions, subject to the
following contraints:

p:r:O

= 1_[( (6 )) 7 : 1
1 = Ym cos B mgin - cos -a - Zp cos a + Xp sin a
b =0

The expression for g is derived from the a equation by setting a =0 and ¢ =0; 06 is

derived from the h equation. The trim surface positions, thrust, angle of sideslip,
and either angle of attack or load factor are determined by numerically solving the
nonlinear equations for the translational and rotational accelerations.

Level Turn

The level turn analysis point definition options result in non-wings-level,
constant-turn-rate flight at n > 1. The vehicle model is assumed to have sufficient
excess thrust to trim at the condition specified. If thrust is not sufficient, trim
will not result, and the analysis point thus defined will have a nonzero (in fact,
negative) velocity rate.

The level trim options available in LINEAR require the specification of an alti-
tude and a Mach number. The user can then use either angle of attack or load factor
to define the desired flight condition., These two options are referred to as "alpha-
trim" and "load-factor-trim,"” respectively. For either option, the user may also
request a specific flightpath angle or altitude rate. Thus, these analysis point
definitions may result in ascending or descending spirals, although the default is
for the constant-altitude turn.

The constraint equations for the coordinated level turn analysis point defini-
tions are derived by Chen (1981) and Chen and Jeske (1981),., Using the requested
load factor, the tilt angle of the acceleration normal to the flightpath from the
vertical plane, ¢, is calculated using the equation

¢ = ttan~? [(n2 - cos? Y)1/2:|

cos Y

where the positive sign is used for a right turn and the negative sign is used for a
left turn. From ¢1, turn rate can be calculated as

1
Y = v tan ¢1,
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Using these two definitions, the state variables can be determined:

. sin2 y - cos? B 1/2
qg =V sin? ¢1, |-sin ¥ sin B * [sin? Y sin? B -
sin2 ¢1
. = 9
S tan ¢;, cos B
@ sin Y
Ps == "cos § "~ qtan B

P = pg COS @ - rg sin o

¥ = pg sin @ + rg cos a

8 = sin‘1(-P/¢)
¢ = tan~l(q/r)

The trim surface positions, thrust, angle of sideslip, and either angle of attack or
load factor are determined by numerically solving the nonlinear equations for the
translational and rotational accelerations.

Thrust-Stabilized Turn

The thrust-stabilized turn analysis point definition results in a constant-
throttle, non-wings-level turn with a nonzero altitude rate. The two optiéns
available in LINEAR are "alpha-trim" and "load-factor-trim." These options allow
the user to specify either the angle of attack or the load factor for the analysis
point. The altitude and Mach number at the analysis point must be specified for
both options. The user also must specify the value of the thrust trim parameter
by assigning a value to the variable THRSTX in the input file after the trim has
been selected.

The constraint equations for the thrust-stabilized turn are the same as those
for the level turn. However, for this analysis point definition, flightpath angle
is determined by LINEAR.

Beta Trim

The beta trim analysis point definition results in non-wings-level, horizontal

flight with heading rate $ = 0 at a user-specified Mach number, altitude, and angle
of sideslip. This trim option is nominally at 1 g, but as B varies from zero,
normal acceleration decreases and lateral acceleration increases. For an aero-
dynamically symmetric aircraft, a trim to B = 0 using the beta trim option results
in the same trimmed condition as the straight-and-level trim. However, for an aero-
dynamically asymmetric aircraft, such as an oblique-wing vehicle, the two trim
options are not equivalent.
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The constraint equations used with the beta trim option are

The trim surface positions, thrust, angle of attack, and bank angle are determined
by numerically solving the nonlinear equations for translational and rotational
acceleration. Pitch attitude 6 is derived from the equation for flightpath angle Y
with Y = O:

6 = tan- (sin B sin ¢ + cos B sin a)
cos B cos a
Specific Power
The specific power analysis point definition results in a level turn at a user-

specified Mach number, altitude, thrust trim parameter, and specific power. Unlike
the other trim options provided in LINEAR, the specific power option does not, in

general, attempt to achieve velocity rate 6 = 0, In fact, because the altitude rate

h = 0 and specific power is defined by

the resultant velocity rate will be

However, the other acceleration-like terms (p, q, r, a, and B) will be zero if the
requested analysis point is achieved.

The constraint equations used with the specific power analysis point definition

option can be derived from the load factor tilt angle equation used in the level turn
analysis point definition with Y = O:

¢, = *tan=1(n2 - 1)1/2

(where the positive sign is used for a right turn and the negative sign is used for
a left turn),

v =3
Y = v tan ¢g,

q = ¥ sin ¢, cos B

g9

. SE——
S 7 tan ¢, cosB

ps = —q tan B

P = Pg CcOS O - rg sin a
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r = pg sin a + rg cos a

sin'1<- %)
1

aq
r

D
Il

tan~!

©
I

The analysis point surface positions, load factor, angle of attack, and angle of
sideslip are determined by numerically solving the nonlinear equations for transla-
tional and rotational accelerations.

NONDIMENSIONAL STABILITY AND CONTROL DERIVATIVES

The nondimensional stability and control derivatives computed by LINEAR from the
nonlinear aerodynamic model assume broadly formulated linear aerodynamic equations.
These equations include effects of what are normally considered exclusively lateral-
directional parameters in the longitudinal force and moment coefficient equations
and, conversely, effects of longitudinal parameters in the lateral-directional equa-
tions. The reason for this is two-fold: application to a larger class of vehicle
types, such as oblique-wing aircraft, and computational ease.

The nondimensional stability and control derivatives assume the following equa-
tions for the aerodynamic force and moment coefficients:

@]
It
Q

n
8 8.
gt Claa + CRBB + Czh Sh + c2M M + i§;C25i i

P R.q »Qr L 28
n
Cm = Cmy * Cmg® + CmgB + Cmy 6h + Cpy SM + i;cmsi §;
+ Cmpp + cmqq + Cp ¥ + Cpoa + cmés
n
Cn = Cn + Cpyo + CpgB + Cpy Sh + Cpy M+ izacnéi 85
+ Cnpp + cnqq + Cp r + Cpoo + cnés
n
= 8.
Cy, CLO + CLua + CLBB + CLh Sh + CLM 6M-+jZ;CL6i i
+ CLpp + Cqu +CpL r + Cpria + CLéB
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where the stability

n

= Cp, + Cp,& + CpgB + Cpy §h + Cp, ou + Zchi 85

i=1

-

Ch. D + Cp d + Cp T + Cpea .8
+ Dpp chq Dy Daa + CDBB

n

= CYO + CYaG + CYBB + CYh §h + CYM M + ZCYSi (S.L

i=1

+ cypﬁ + ch& + ch% + Cyga + CygB

and control derivatives have the usual meaning,

3Ce
Cex * 3%

with Cg being an arbitrary force or moment coefficient (subscript % denoting rolling

moment, m pitching moment, L. total lift, D total drag, n yawing moment, and Y force
along the y body axis) and x an arbitrary nondimensional variable (a denoting angle
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where the subscript zero represents the current analysis point (x QO' uO),
described in the Analysis Point Definition section,

All stability derivatives are computed as nondimensional terms except the alti-
tude and velocity parameters. The control derivatives are in whatever units are
used in the nonlinear aerodynamic model. The derivatives with respect to velocity
are multiplied by the speed of sound (at the analysis point altitude) to convert
them to derivatives with respect to Mach number. Derivatives with respect to angle
of attack and angle of sideslip can be obtained in units of reciprocal degrees.
These derivatives are simply the corresponding nondimensional derivatives multiplied
by 180.0/T.

INPUT FILES

The LINEAR input file (defined in table 1) is separated into seven major sec-
tions: case title and file selection information; project title; geometry and mass
data for the aircraft; state, control, and observation variable definitions for the
state-space model; trim parameter specification; additional control surfaces that
may be specified for each case; and various test case specifications. All the input
data can be written on one file or various files according to the divisions specified
above and according to the input format defined in table 1. An example input file
is listed in appendix F. All the input records to LINEAR are written in ASCII form.

TABLE 1. — INPUT FORMAT FOR LINEAR

Input record Format

Title and file selection information

Case title (20Aa4)

Input file names (6A10)

Project title

Project title (20n4)

Geometry and mass data

S b c Weight (4r13.0)
Ix Iy I Ixz Ixy Iyz (6F13.0)
DELX DELY DELZ LOGCG (3F10.0,1234)
Qmin  %max (2F13.0)
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TABLE 1. — Continued.

Input record Format

State, control, and observation variable definitions

NUMSAT EQUAT STAB (110,A4,11X,R4)
STATE 1 DRVINC 1 (5A4,F10.0)

STATE 2 DRVINC 2 (5A4,710.0)

STATE 3 DRVINC 3 (5A4,F10.0)

NUMSUR (110)

CONTROL 1  LOCCNT 1  CONVR 1  CNTINC 1 (5A4,110,A4,6X,F10.0)
CONTROL 2 LOCCNT 2 CONVR 2  CNTINC 2 (5A4,110,A4,6X,F10.0)
CONTROL 3 LOCCNT 3 CONVR 3  CNTINC 3 (5A4,110,A4,6X,F10.0)
NUMYVC EQUAT (110,n4)

MEASUREMENT 1 PARAM 1 (1 to 3) (5A4,3F10.0)
MEASUREMENT 2 PARAM 2 (1 to 3) (5A4,3F10.0)
MEASUREMENT 3 PARAM 3 (1 to 3) (5A4,3F10.0)

. . .

Trim parameter specification

emin  Semax Sanin 6amax Srmin srmax Gthmin dthmax (8F10.0)
Additional surface specification
NUMXSR (1X,12)
ADDITIONAL SURFACE 1 LOCCNT 1 CONVR1 (5A4,I10,A4)
ADDITIONAL SURFACE 2 LOCCNT 2 CONVR2 (5A4,110,A4)
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TABLE 1. — Concluded.

Input records Format

Additional surface specification (continued)

ADDITIONAL SURFACE 3 LOCCNT 3 CONVR3 (584,110,R4)

Test case specification

ANALYSIS POINT DEFINITION OPTION (20a4)
ANALYSIS POINT DEFINITION SUBOPTION (A4)
VARIABLE 1 VALUE 1 (5A4,F15,.5)
VARIABLE 2 VALUE 2 (5A4,F15.5)
VARIABLE 3 VALUE 3 (584,F15.5)
NEXT (R4)
ANALYSIS POINT DEFINITION OPTION (20n4)
ANALYSIS POINT DEFINITION SUBOPTION (a4)
VARIABLE 1 VALUE 1 (5A4,F15.5)
VARIABLE 2 VALUE 2 (5A4,F15.5)
VARIABLE 3 VALUE 3 (5A4,F15.5)
END (A4)

There are seven input files for the batch linearizer. The first is a file con-
taining the vehicle title and the names of the six data input files. The six data
input files are

1. project title,

2. mass and geometry properties,

3. state, control, and observation vectors,
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4, trim parameter limits,
5. trim definition cases, and
6. additional surfaces to be set.

This is the order in which they must be defined. However, the sixth file will be
read before the fifth file.

Case Title, File Selection Information, and Project Title

There are two title records that need to be specified for LINEAR: a title for
the individual test cases (case title) being analyzed and the name of the specific
vehicle (project title). These records are read with a 20A4 format and are sepa-
rated by a file selection record. Both titles appear on each page of the line
printer output file. The file selection record contains the names of the files
from which the data are read. The data contained on the files specified by the six
fields of the file selection record are shown in table 2, The input file names are
written in character strings 10 columns long, and if not specified, the data are
assumed to be on the same file as the first title record and the file selection
record. The local name of the file containing these first two records must be
attached to FORTRAN device unit 1.

TABLE 2. — DEFINITION OF FILES SPECIFIED
IN FILE SELECTION RECORD

Data contained on

ield ber
Field numbe selected file

1 Project title

2 Geometry and mass data

3 State, control, and
observation variable
definitions

4 Trim parameter
specifications

5 Test case specification

6 Additional surface
definitions

Geometry and Mass Data

The geometry and mass data file consists of four records that can either fol-
low the title and file selection records on unit 1 or be stored on a separate file
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defined by the first of the input file name definitions on the file selection
record. The geometry and mass data records define the geometry, mass properties,
location of the aerodynamic reference with respect to the center of gravity, and
angle-of-attack range for the vehicle model being analyzed. The first record of
this set of five records is a vehicle title record in which the vehicle name and
specific configuration can be defined to describe the information presented in the
remaining records.

The second and third records define the vehicle geometry, mass, and mass dis-
tribution. The second record defines the wing planform area S, in units of length
squared, the wingspan b, in units of length, the mean aerodynamic chord of the wing,

E, in units of length, and the sea level weight of the vehicle, Weight, in units of
mass-length per second squared. The third record defines the vehicle moments and
products of inertia in units of mass-length squared. The fourth record defines the
location of the vehicle center of gravity with respect to the aerodynamic reference
point. This fourth record defines the offset of the aerodynamic reference point with
respect to the center of gravity of the vehicle in the normal right-handed body axis
reference system with the positive x axis forward and DELX, DELY, and DELZ in table 1
representing the x, y, and z body axis displacements of the aerodynamic reference in
units of length (see app. A). The fourth variable of the fourth record is an alpha-
numeric variable, read using a 12A4 format, to specify if corrections due to an off-
set of the aerodynamic reference with respect to the center of gravity are to be
computed in LINEAR or in the user-supplied aerodynamic¢ subroutine CCALC, described
in the User-Supplied Subroutines section. The variable LOGCG defaults to a state
that causes the aerodynamic reference offset calculations to be performed by sub-
routines within LINEAR. Any of the following statements in the LOGCG field will
cause LINEAR not to make these corrections:

NO CG CORRECTIONS BY LINEAR
CCALC WILL CALCULATE CG CORRECTIONS
FORCE AND MOMENT CORRECTIONS CALCULATED IN CCALC

The final record of this geometry and mass data set defines the angle-of-attack
range for which the user-supplied nonlinear aerodynamic model (CCALC) is valid.
These parameters, apin and Umax, specify the minimum and maximum values of angle of
attack to be used for trimming the aircraft model. These parameters are in units of
degrees.

State, Control, and Observation Variable Definitions

The state, control, and observation variables to be used in the output formula-
tion of the linearized system are defined in records that either follow the last of
the previously described sets of records on FORTRAN unit 1 or are stored on a sep-
arate file defined by the second of the input file selection definitions on the file
selection record. The number of records in the state, control, and observation
variable definition set is determined by the number of such variables defined by
the user.

The states to be used in the output formulation of the linearized system are
defined in the first set of records in the state, control, and observation variable
definitions. The first record of this set defines the number of states to be used
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(NUMSAT), the formulation of the output equation (EQUAT), and whether the nondimen-
sional stability derivatives with respect to angle of attack and angle of sideslip
are to be output in units of reciprocal radians or degrees. The variable EQUAT is
read using an A4 format and is tested against the following list:

NONSTANDARD
NON~-STANDARD
GENERALIZED
EXTENDED

If EQUAT matches the first four characters of any of the listed words, the out-
put formulation of the state equation is

Cx = A'x + B'u

If EQUAT is read in as STANDARD or does not match the preceding list, then the
default standard bilinear formulation of the state equation is assumed, and the
output matrices are consistent with the equation

X = AX + Bu

The variable STAB is also read using an A4 format and is compared with the following
list:

DEGREES
DGR

If STAB matches the first four characters of either of these words, the nondimen-
sional stability derivatives with respect to angle of attack and angle of sideslip
are printed in units of reciprocal degress on the printer file. Otherwise, these
derivatives are printed in units of reciprocal radians.

The remaining records of the state variable definition set are used to specify
the state variables to be used in the output formulation of the linearized system
and the increments to be used for the numerical perturbation described in the Linear
Models section. The state variable names are checked for validity against the state
variable alphanumeric descriptors listed in appendix C. If a name is not recognized,
the variable is ignored and a warning message is written to the printer file. The
increment to be used with any state variable (in calculating the A' and H' matrices)
and the time derivative of that state variable (in calculating the C and G matrices)
can be specified using the DRVINC variable. The units are the units of the state
variable or its time derivative except for derivatives with respect to velocity.
When DRVINC is specified for velocity, DRVINC specifies a Mach number increment.

If DRVINC is not specified by the user, the default value of 0.001 is used.

The next set of records in the state, control, and observation variable defini-
tions are those defining the variables to be used in the control vector of the out-
put model. The first record of this set defines the number of control parameters
to be used (NUMSUR). The remaining records define the names of these variables
(CONTROL), their location (LOCCNT) in the common block /CONTRL/ (see the User-
Supplied Subroutines section), the units associated with these control variables
(CONVR), and the increments (CNTINC) to be used with these variables in determining
the B' and F' matrices.
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Because LINEAR has no default control variable names, the control variable names
input by the user are used for subsequent identification of the control variables.,
Therefore, consistency in the use of control variable names is extremely important,
particularly when the user attempts to establish control variable initial conditions
when using the untrimmed analysis point definition option,

The CONVR field in the control variable records is used to specify if the con-
trol variables are given in degrees or radians. CONVR is read using an A4 format
and is compared to the following list:

DEGREES
DGR
RADIANS
RAD

If CONVR agrees with the first four characters of either of the first two names, it
is assumed that the control variable is specified in units of degrees. If CONVR
agrees with the first four characters of either of the last two listed names, it is
assumed that the control variable is specified in units of radians. No units are
assumed if CONVR does not agree with any of the listed names. When it is assumed
that the control variable is specified in units of radians, the initial value of the
control variable is converted to degrees before being written to the printer file.

The variable CNTINC can be used to specify the increments used for a particular
control surface when the B' and F' matrices are being calculated. It is assumed
that the units of CNTINC agree with those used for the surface, and no unit conver-
sion is attempted on these increments, If CNTINC is not specified for a particular
surface, a default value of 0.001 is used.

The final set of records in the state, control, and observation variable defini-
tions pertain to the specification of parameters associated with the observation
vector, observation equation, and observation parameters. The first record of this
set defines the number of observation variables (NUMYVC) to be used in the output
linear model and the formulation of the output equation (EQUAT). The remaining
records in this set specify the variables to be included in the observation vector
(MEASUREMENT) and any position information (PARAM) that may be required to compute
the output model for a sensor not located at the vehicle center of gravity.

The variable used to specify the formulation of the observation eguation (EQUAT)
is compared with the same list of names used to determine the formulation of the
state equation. TIf it is determined that the generalized formulation is desired,
the observation equation

L]
Yy = H'X + Gx + F'u

is used. Otherwise, the standard formulation is assumed, and the form of the obser-
vation equation used is

Yy = HXx + Fu
The records defining the cbservation variables to be used in the output for-

mulation of the linear model contain a variable that includes the parameter name
(MEASUREMENT) and three fields (PARAM) defining, when appropriate, the location of
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the sensor relative to the vehicle center of gravity. The parameter name is com-
pared with the list of observation variables given in appendix D. If the parameter
name is recognized as a valid observation variable name, that observation variable
is included in the formulation of the output observation vector. If the param-
eter name is not recognized, an error message is printed and the parameter named

is ignored. The three variables represented by PARAM(1), PARAM(2), and PARAM(3)
provide the x-axis, y-axis, and z-axis locations, respectively, of the measurement
with respect to the vehicle center of gravity if the selected observation is one of
the following:

Ay, 1

a .
Y1

az,1i

an,i

h,i

y 1

Ot,i

B,i
The unit associated with these variables is length. If the selected observation

variable is not in the preceding list, the PARAM variables are not used. The sole
exception to this occurs when Reynolds number is requested as an observation vari-
able. 1In that case, PARAM(1) is used to specify the characteristic length., When

no value is input for PARAM(1), the mean aerodynamic¢ ¢hord ¢ is used as the char-
acteristic length.

Trim Parameter Specification

There is one record in the trim parameter specification set that is associated
with the subroutine UCNTRL (described in the User-Supplied Subroutines section).
This record specifies the limits to be used for the trim parameters 8o, 65, 8., and
Sth, representing the longitudinal, lateral, directional, and thrust trim parame-

ters, respectively. The units associated with these parameters are defined by the
implementation of UCNTRL.

Additional Surface Specification

The first record of this set of additional surface specifications defines the

number of additional controls to be included in the list of recognized control names
(NUMXSR). The purpose of defining these additional controls is to allow the user to

set such variables as landing gear position, wing sweep, or flap position. Only the
controls are defined in the additional surface specification records; actual control
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positions are defined in the analysis point definition records. Because there may be
no additional controls, these secondary trim parameter specification records may not
be present. If such controls are defined, the records defining them will have the
format specified in table 1., The control variable name (ADDITIONAL SURFACE), loca-
tion (LOCCNT) in the common block /CONTRL/, and the units associated with this con-
trol variable (CONVR) are specified for each additional control.

Test Case Specification

The test case specification records allow the user to define the flight condi-
tion, or analysis point, at which a linear model is to be derived., Multiple cases
can be included in the test case specification records. The final record in each
set directs the program to proceed (NEXT) or to stop {END) execution.

The first record of a test case specification set determines the analysis point,
or trim, option to be used for the current case. The ANALYSIS POINT DEFINITION
OPTION parameter is read in and checked against the list of analysis point defini-
tion identifiers described in appendix E. The second record of a test case specifi-
cation set, defining an analysis point definition suboption (ANALYSIS POINT DEFINI-
TION SUBOPTION}, will be read only if the requested analysis point definition option
has a suboption associated with it. These suboptions are defined in the Analysis
Point Definition section. The valid alphanumeric descriptors for these suboptions
are described in appendix E.

The remaining records in a test case specification set define test conditions or
initial conditions for the trimming subroutines. These records consist of a field
defining a parameter name (VARIABLE) and its initial condition (VALUE). These
records may be in any order; however, if initial Mach number is to be definéd, the
initial altitude must be specified before Mach number if the correct initial veloc-
ity is to be determined. The parameter names are checked against all name lists
used within LINEAR. Any recognized state, time derivative of state, control, or
observation variable will be accepted. Trim parameters also can be set in these
records,

In general, setting observation variables and time derivatives of the state
variables has little effect. However, for some of the trim options defined in the
Analysis Point Definition section, Mach number and load factor are used. The thrust
trim parameter only affects the specific power trim. For the untrimmed option, the
initial values of the state and control variables determine the analysis point com-
pletely. For all other trim options, only certain states are not varied; all con-
trols connected to the aerodynamic and engine model are varied.

OUTPUT FILES

There are three output files from LINEAR: a general-purpose analysis file, a
printer file containing the calculated case conditions and the state-space matrices
for each case, and a printer file containing the calculated case conditions only.

The general-purpose analysis file contains the title for the cases being ana-

lyzed; the state, control, and observation variables used to define the state-space
model; and the state and observation matrices calculated in LINEAR. The C and G
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matrices are printed only if the user has selected an appropriate formulation of
the state and observation equations. The output for this file is assigned to
FORTRAN device unit 15. An example of a general-purpose analysis file is pre-
sented in appendix G, corresponding to the format of table 3.

TABLE 3. — ANALYSIS FILE FORMAT

variable Format
Title of the case (4n20)
Title of the alrcraft (4A20)

Case number
Number of states, controls, and outputs
State equation formulation

Observation equation formulation

State variable names, values, and units

Control variable names, values, and units

Dynamic interaction variable names and units

output variable names, values, and units
Matrix name

A matrix

Matrix name

B matrix

Matrix name

D matrix

Matrix name

C matrix (if general form chosen)

Matrix name

H matrix

(//,64%,13)
(17X,12,22X,12,22X,13)
(36X, 224)

(36X, 2A4)
(///7)

{1X,5a4,3%X,E12.6,2X,A20)
(/777

(1X,5A4,3X,E12.6,2X,A20)
(///7)

(1%X,5A4,17X,A20)
(////)

(1X,5A4,3X,E12.6,2X,A20)
(//.n8,/)

(5(E13.6))

(//,Rn8,/)

(5(E13.6))

(//.88,/)

(5(E13.6))

(//.28,/)

(5(E13.6))

(//:n8,/)

(5(E13.6))
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TABLE 3. — Concluded.

Variable Format
Matrix name (//.p8,/)
F matrix (5(E13.6))
Matrix name (//,18,/)
E matrix (5(E13.6))
Matrix name (//:/Rn8,/)
G matrix (if general form chosen) (5(E13.6))

The titles are written on the first two records of the file in 80-character
strings and are specified in LINEAR as the title of the vehicle and the title for
the cases. The next record contains the number of the case as defined in LINEAR
(999 cases maximum).

The number of states, controls, and outputs used to define each case are written
on the following record. The formulation of the state and observation equations
are listed next, followed by the names and values of the states, controls, dynamic
interaction variables, and outputs. These values are followed by the matrices that
describe each case.

The titles records appear only at the beginning of the file; all other records
are duplicated for each subsequent case calculated in LINEAR. The matrices are
written row-wise, five columns at a time, as illustrated in the following tabulation,
which shows a system containing 7 states, 3 controls, and 11 outputs using the
general state equation and standard observation equation.

Size of matrix Output formulation
A=17x7] A=1[7x 5]
[ 7 x 2]
B=1[7x 3] B=1[ 7 x 3]
D =17 x 6] D=1[7 x 5]
[ 7 x 1]
C=1[7zx7] c =17 x 5]
[ 7 x 2]
H=[11 x 7] H= [11 x 5]
[11 x 2]
F = {11 x 3] F=[11 x 3]
E = [11 x 6] E=[11 x 5]
[11 x 1]

44



The second output file, which is assigned to FORTRAN device unit 3, contains the
values calculated in LINEAR describing each case. The first section of this file
contains a listing of the input data defining the aircraft's geometry and mass prop-
erties, variable names defining the state-space model, and various control surface
limits characteristic of the given aircraft. Appendix H presents an example of this
output file.

The second section of this file contains the trim conditions of the aircraft at
the point of interest. These conditions include the type of trim being attempted,
whether trim was achieved, and parameters defining the trim condition.

The values for the variables of the state-space model at the trim condition are

. L] L] L[] [ *
also printed., If trim was not achieved, p, q, r, V, B, and a (calculated from the
equations of motion) and the force and moment coefficients are printed. Changes
in the geometry and mass properties are also printed.

The third section of this output file contains the nondimensional stability and

control derivatives for the trim condition calculated. The static margin of the
aircraft at the given flight condition is also printed.

The final section of this output file contains the state and observation matri-
ces for the given flight condition. The formulation of the state equations and only
the terms of the matrices chosen by the user to define the model are printed. A
subset of this output file containing only the trim conditions is assigned to
FORTRAN device unit 2.

The third output file, which is assigned to FORTRAN device unit 2, contains the
trim conditions of the aircraft at the point of interest. These conditions inelude
the type of trim being attempted, whether trim was achieved, parameters defining the
trim condition, and the static margin of the aircraft at the given flight condition.
Appendix H presents an example of this file.

USER-SUPPLIED SUBROUTINES

There are five subroutines that must be supplied by the user to interface LINEAR
with a specific aircraft's subsystem models: ADATIN, CCALC, IFENGN, UCNTRL, and
MASGEO. The first two subroutines constitute the aerodynamic model. The subroutine
IFENGN is used to provide an interface between LINEAR and any engine modeling rou-
tines the user may wish to incorporate. UCNTRL converts the trim parameters used by
LINEAR into control surface deflections for the aerodynamic modeling routines. The
subroutine MASGEO allows the user to define the mass and geometry properties of the
vehicle as a function of flight condition or control setting. The use of these sub-
routines is illustrated in figure 3, which shows the program flow and the interaction
of LINEAR with the user-supplied subroutines. These subroutines are described in
detail in the following sections. Examples of these subroutines are given in appen-
dix I.
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Main program User-supplied
subroutines

s 1 Aeromodel
Initialization | bl (ADATIN)
Y
Read aircraft-specific
input data files
VV
Read in data for next
analysis point
Interface common
block names
ICONTRL/,ICTPARM/ c°“g:;:::a°e
option requested
P q (UCNTRL)

/CONTRL/,/ENGSTF/

a—] Thrust effector
Determine analysis <———J model
trim point conditions [J ICONTRL/,/ICGSHFT/ (IFENGN)

-

Determine linear model ICGSHFT/,iCLCOUT/,

{CONTRL/,

Aerodynamic model

_‘AT_T
Y v

(CCALC)
Y IDATAIN/,/DRVOUT/
Select matrix elements
for output
IOBSERV/,ICGSHFT/, _ | Mass and geometry
Y IDATAIN/,/CONTRL/, (M':gG;O)
I Output data I JENGSTF/

Run

another case
2

Yes

Figure 3. Program flow diagram showing communication
with user-supplied subroutines.

Aerodynamic Model

It is assumed that the aerodynamic models consist of two main subroutines,
ADATIN and CCALC. ADATIN is used to input the basic aerodynamic data from remote
storage and can also be used to define aerodynamic data. CCALC is the subroutine
that uses these aerodynamic data, the state variables, and the surface positions
to determine the aerodynamic coefficients. Either routine may call other subrou-
tines to perform related or required functions; however, from the point of view
of the interface to LINEAR, only these two subroutines are required for an aero-
dynamic model,
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Externally, ADATIN has no interface to the program LINEAR. The subroutine
is called only once when the aerodynamic data are input or defined. The calling
program must provide ADATIN with the input devices it requires, but no other accom-
modation is necessary. The aerodynamic data are communicated from ADATIN to CCALC
through named common blocks that occur in only these two routines.

The interface between CCALC and the calling program is somewhat more compli-
cated. However, the interface is standard, and this feature provides a framework
about which a general-purpose tool can be built. This interface consists of several
named common blocks that are used to pass state variables, air data parameters, sur-
face positions, and force and moment coefficients between CCALC and the calling
program. CCALC is executed whenever new aerodynamic coefficients are required (for
example, once per frame for a real-time simulation).

The main transfer of data into the subroutine CCALC is through six named common
blocks. These common blocks contain the state variables, air data parameters, and
surface positions. The transfer of data from CCALC is through a named common block
containing the aerodynamic force and moment coefficients. The details of these com-
mon blocks follow.

The common block /DRVOUT/ contains the state variables and their derivatives with
respect to time. The structure of this common block is as follows:

COMMON /DRVOUT/ T ,
P r O + R '
v , ALP , BTA ,
THA , PSI , PHI ,
H , X , Y '
TDOT ,

PDOT , QDOT , RDOT ,
vDOT , ALPDOT, BTADOT,
THADOT, PSIDOT, PHIDOT,
HDOT , XDOT , YDOT
The body axis rates p, g, and r appear as P, 0, and R, respectively. Total veloc-
ity is represented by the variable Vv, altitude by H; angle of attack (ALP), angle
of sideslip (BTA), and their derivatives with respect to time (ALPDOT and BTADOT,

respectively) are also contained within this common block.

The common block /SIMOUT/ contains the main air data parameters required for
the function generation subroutine. The variables in this common block are
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COMMON /SIMOUT/ AMCH, OBAR, GMA, DEL,

UB , VB , WB,

VEAS, VCAS
Mach number and dynamic pressure are the first entries in the common block, sym-
bolized by AMCH and OBAR, respectively. The body axis velocities u, v, and w are
included as UB, VB, and WB, respectively.

The /CONTRL/ common block contains the surface position information. The exact

definition of each of the elements used for a particular aerodynamic model is deter-

mined by the implementer of that model., The structure of the common block /CONTRL/
is as follows:

COMMON /CONTRL/ DC (30)
The common block /DATAIN/ contains geometry and mass information.
COMMON /DATAIN/ S , B, CBAR, AMSS,
AIX , ALY , AIZ , AIXZ,
AIXY, AIYZ, AIXE
The first three variables in the common block, S, B, and CBAR, represent wing area,
wingspan, and mean aerodynamic chord, respectively. The vehicle mass is represented
by AMSS.
The information on the displacement of the aerodynamic reference point of the
aerodynamic data with respect to the aircraft center of gravity is contained in the
/CGSHFT/ common block:

COMMON /CGSHFT/ DELX, DELY, DELZ

The displacements are defined along the vehicle body axis with DELX, DELY, and DELZ
representing the displacements in the X, ¥, and z axes, respectively.

The common block /SIMACC/ contains the accelerations, accelerometer outputs, and
normal accelerometer output at the center of gravity of the aircraft.

COMMON /SIMACC/ AX , AY , AZ ,
ANX, ANY, ANZ,
AN

The output common block /CLCOUT/ contains the variables representing the aerody-
namic moment and force coefficients:

COMMON /CLCOUT/ CL, CM, CN, Cb, CLFT, CY
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The variables CL, CM, and CN are the symbols for the coefficients of rolling moment
Cg, pitching moment Cp, and yawing moment Cp, respectively; these terms are body

axls coefficients., The stability axis forces are represented by CD (coefficient
of drag Cp), CLFT (coefficient of 1lift Cp), and CY (sideforce coefficient Cy).

Control Model

The program LINEAR attempts to trim the given condition using control inputs
similar to those of a pilot: 1longitudinal stick, lateral stick, rudder, and throt-
tle. The UCNTRL subroutine utilizes these trim output control values to calculate

actual surface deflections and power level angles for the given aircraft (fig. 2).
The location of each surface and power level angle in the /CONTRL/ common block is
specified by the user in the input file (maximum of 30 surfaces). The limits for
the control parameters in pitch, roll, yaw, and thrust are user specified (see Trim
Parameter Specification in the Input Files section) and must agree in units with the
calculations in CCALC.

The common block /CTPARM/ contains the four trim parameters that must be related
to surface deflections in the subroutine UCNTRL:

COMMON /CTPARM/ DES, DAS, DRS, THRSTX

The output from UCNTRL is through the common block /CONTRL/ described previously in
the Aerodynamic Model section. The variables DES, DAS, DRS, and THRSTX are used to
trim the longitudinal, lateral, directional, and thrust axes, respectively.

For an aircraft using feedback (such as a statically unstable vehicle), state
variables and thelir derivatives are available in the common block /DRVOUT/. If
parameters other than state variables and their time derivatives are required for
feedback, the user may access them using the common block /OBSERV/ described in the
Mass and Geometry Model section of this report.

Engine Model

The subroutine IFENGN computes individual engine parameters used by LINEAR to
calculate force, torque, and gyroscopic effects due to engine offset from the cen-
terline. The parameters for each engine (maximum of four engines) are passed
through common /ENGSTF/ as follows:

COMMON /ENGSTF/ THRUST(4), TLOCAT(4,3), XYANGL(4), XZANGL(4),
TVANXY(4), TVANXZ (4), DXTHRS(4),
EIX (4), AMSENG (4), ENGOMG(4)

The variables in this common block correspond to thrust (THRUST); the x, y, and z
body axis coordinates of the point at which thrust acts (TLOCAT); the orientation of
the thrust vector in the x-y body axis plane (XYANGL), in degrees; the orientation
of the thrust vector in the x-z body axis plane (XZANGL), in degrees; the orienta-
tion of the thrust vector in the x-y engine axis plane (TVANXY), in degrees; the
orientation of the thrust wvector in the x-z engine axis plane (TVANXZ), in degrees;
the distance between the center-of-gravity of the engine and the thrust point
{DXTHRS), measured positive in the negative x engine axis; the rotational inertia of
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the engine (EIX); mass (AMSENG); and the rotational velocity of the engine (ENGOMG).
The variables are all dimensioned to accommodate up to four engines.

While the common block structure within LINEAR is designed for engines that do
not interact with the vehicle aerodynamics, propeller-driven aircraft can be easily
modeled by communicating the appropriate parameters from the engine model (IFENGN)
to the aerodynamic model (CCALC).

Mass and Geometry Model

The subroutine MASGEO allows the user to vary the center-of-gravity position and
vehicle inertias automatically. Nominally, this subroutine must exist as one of the
user subroutines, but it may be nothing more than RETURN and END statements. MASGEO
is primarily for variable-geometry aircraft (such as an oblique-wing or variable-
sweep configurations) or for modeling aircraft that undergo significant mass or iner-
tia changes over their operating range. The center-of-gravity position and inertias
may be functions of flight condition or any surface defined in the /CONTRL/ common
block. Changes in center-of-gravity position are passed in the /CGSHFT/ common
block, and inertia changes are passed in the /DATAIN/ common block.

Care must be taken when using the subroutine MASGEO in combination with
selecting an observation vector that contains measurements away from the center of
gravity. If measurements are desired at a fixed location on the vehicle, such as a
sensor platform or nose boom, the moment arm to the new center-of-gravity location
must be recomputed as a result of the center-of-gravity shift for accurate results,
This can be accomplished by implementing the moment arm calculations in one of the
user subroutines and passing the new moment arm values through the /OBSERV/ common
block:

COMMON /OBSERV/ OBVEC(120), PARAM(120,6)

The common block /OBSERV/ allows the user to access all the observation vari-
ables during trim as well as to pass parameters associated with the observations
back to LINEAR. The common block /OBSERV/ contains two single-precision vectors:
OBVEC(120), and PARAM(120,6). A list of the available observations and parameters
is given in table 4. Access to the observation variables allows the user to imple-
ment trim strategies that are functions of observations, such as gain schedules and
surface management schemes. The parameters associated with the observations are
used primarily to define the moment arm from the center of gravity to the point at
which the observation is to be made. If the user subroutine MASGEO is used to
change the center-of-gravity location and observations are desired at fixed loca-
tions on the vehicle, then the moment arm from the new center-of-gravity location to
the fixed sensor location ((x, y, 2z), in feet) must be computed in one of the user
subroutines and passed back in the first three elements of the PARAM vector asso-
ciated with the desired observation (PARAM(n = 1 to 3), where n is the number of
the desired observation). Additional information on observations and parameters
can be found in the State, Control, and Observation Variable Definitions section.
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TABLE 4. — OBSERVATION VARIABLES AVAILABLE IN THE USER-SUPPLIED SUBROUTINES
USING THE OBVEC ARRAY

Location (index)

in OBVEC Variable
State Variables
1 Roll rate
2 Pitch rate
3 Yaw rate
4 Velocity
5 Angle of attack
6 Angle of sideslip
7 Pitch attitude
8 Heading
9 Roll attitude
10 Altitude
11 Displacement north
12 Displacement east
Derivatives of state variables
13 Roll acceleration
14 Pitch acceleration
15 Yaw acceleration
16 Velocity rate
17 Angle-of-attack rate
18 Angle-of-gsideslip rate
19 Pitch attitude rate
20 Heading rate
21 Roll attitude rate
22 Altitude rate
23 Velocity north
24 Velocity east
Accelerations
25 x body axis acceleration
26 y body axis acceleration
27 z body axis acceleration
28 x body axis accelerometer at vehicle
center of gravity
29 vy body axis accelerometer at vehicle
center of gravity
30 z body axis accelerometer at vehicle
center of gravity
31 Normal acceleration
32 x body axis accelerometer not at vehicle
center of gravity
33 y body axis accelerometer not at vehicle

center of gravity
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TABLE 4. — Continued.

Location (index)

in OBVEC Variable
Accelerations (continued)
34 z body axis accelerometer not at vehicle
center of gravity
99 Normal accelerometer not at vehicle
center of gravity
98 Iovad factor
Air data parameters

91 Speed of sound
37 Reynolds number
103 Reynolds number per unit length
35 Mach number
36 Dynamic pressure
56 Impact pressure
55 Ambient pressure
57 Impact/ambient pressure ratio
58 Total pressure
59 Temperature
60 Total temperature
92 Equivalent airspeed
93 Calibrated airspeed

Flightpath-related parameters
39 Flightpath angle
38 Flightpath acceleration
40 Flightpath angle rate
43 Scaled altitude rate

Energy-related terms
46 Specific power
47 Specific energy
Force parameters
94 Lift force
95 Drag force
96 Normal force
97 Axial force
Body axis parameters

52 x body axis velocity
53 y body axis velocity
54 z body axis velocity




TABLE 4. — Concluded.

Location (index) )
in OBVEC Variable
Body axis parameters (continued)
100 Rate of change of velocity
in x body axis
101 Rate of change of velocity
in y body axis
102 Rate of change of velocity
in z body axis
Miscellaneous measurements not at vehicle center of gravity
44 Angle of attack not at vehicle center
of gravity
45 Angle of sideslip not at vehicle center
of gravity
41 Altitude instrument not at vehicle
center of gravity
4?2 Altitude rate instrument not at vehicle
center of gravity
Other miscellaneous parameters
48 Vehicle total angular momentum
49 Stability axis roll rate
50 Stability axis pitch rate
51 Stability axis yaw rate
Control surface parameters
61 to 90 Control surfaces DC(1) to DC(30)
Trim parameters
104 Longitudinal trim parameter
105 Lateral trim parameter
106 Directional trim parameter
107 Thrust trim parameter
CONCLUDING REMARKS
The FORTRAN program LINEAR was developed to provide a flexible, powerful, and

documented to
law design.
defining the

ol to derive linear models for aircraft stability analysis and control
This report discusses LINEAR from the perspective of a potential user,
nonlinear equations from which the linear model is derived and describ-
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ing the interfaces to user-supplied subroutines and input files. The output from
LINEAR is also described. Examples of the user-supplied subroutines are presented
in the appendixes., A microfiche listing of the program for a VAX 11/750 with the
VMS operating system is included with this report. (Revisions to the microfiche
supplement are given in app. J.)

The program LINEAR numerically determines a linear system model using nonlinear
equations of motion and a user-supplied nonlinear aerodynamic model. LINEAR is
also capable of extracting linearized engine effects (such as net thrust, torque,
and gyroscopic effects) and including these effects in the linear system model.

The point as which this linear system model is defined is determined either by
completely specifying the state and control variables or by specifying an analysis
point on a trajectory, selecting a trim option, and directing the program to deter-
mine the control variables and remaining state variables.,

The system model determined by LINEAR consists of matrices for both state and
observ